Introduction
Arabidopsis thaliana (Arabidopsis) is a model plant for molecular biology studies and is the most widely studied plant species (Berardini et al. 2015; Meinke et al. 1998) . Whilst extensively studied, the relationship between plant growth, specific plant hormones and antioxidants under normal growth conditions is still only partially understood. Ascorbic acid (AsA) is a multifunctional compound in plants that occurs in the cell within the cytosol, chloroplasts, vacuoles and mitochondria, it is also found in the cell wall of leaves and its concentration varies with growth conditions and developmental stage (Foyer and Halliwell 1976; Kotchoni et al. 2009; Yoshida et al. 2006; Zechmann et al. 2011) . In plants, AsA is synthesised via four main pathways, the galactose (Wheeler et al. 1998) , galacturonic acid (Agius et al. 2003) , gulose and myo-inositol (Lorence et al. 2004; Wolucka and Van Montagu 2003) pathways and there are degradation and recycling pathways (Green and Fry 2005; Wang et al. 2010) .
The level of AsA in different organs of individual plants and across species differs significantly (Gietler et al. 2016; Spinola et al. 2012 ). This variation is caused by various factors such as the external environment that affects the concentration of AsA in samples but is also influenced by the use of different analytical methods to quantitate the molecule including titration (Rekha et al. 2012) , colorimetry (Barros et al. 2007) , spectrophotometry (Hewitt and Dickes 1961) , paper chromatography (Conklin et al. 2000) , multiwell plate reader based assays (Queval and Noctor 2007) and high-performance liquid chromatography (HPLC).
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of AsA, IAA and SA in aerial organs of Arabidopsis under normal growth conditions remains unclear.
The focus of the current study was to measure, in Arabidopsis, the concentration of AsA in the various above ground organs, leaves, stems, flowers and siliques and compare that with the amount of IAA and SA under controlled conditions. In addition, we aimed to develop a robust and reliable method of quantification of AsA in plant tissues using d-isoascorbic acid as an internal standard.
Materials and methods

Arabidopsis growth conditions
Seeds of Arabidopsis Colombia (Col-0) (LEHLE, Texas USA) were surface sterilized and plated on MS media according to Mintoff et al. (2015) . The Petri dish was sealed with a plastic paraffin film (Parafilm) to prevent desiccation. Plates were stored in the dark at 4 °C for 2-3 days for stratification. The plates were transferred to growth chambers with 12/12 h day/night cycle at 21 °C, under cool white fluorescent lights with a light intensity of 100 μmol m −2 s −1 . After 19 days of growth, seedlings were transplanted to soil, one plant per pot (5 cm diameter × 5 cm high), watered with tap water and monitored regularly. After 30 days in soil (before flowering), rosette leaves from the first node to the sixth node were collected individually to quantify AsA. After 40-60 days, organs (leaves, stem, flowers and siliques) were also collected for quantification of AsA, IAA and SA.
Ascorbic acid quantification
Extraction and chromatographic methods to analyse AsA were modified from previously published methods (Queval and Noctor 2007; Spinola et al. 2013; Tarrago-Trani et al. 2012) . Rosette leaves, stems, opened and unopened flowers, and siliques were frozen in liquid nitrogen immediately after detaching from the plants. Tissues were ground into a powder with a mortar and pestle and for each sample 100 mg was transferred to a 1.5 mL amber coloured microfuge tube (Eppendorf) and samples were kept at −80 °C until extracted. Ground tissues were then dissolved in 1 mL extraction solvent (1 % of metaphosphoric acid (MPA)). The tube was vortexed for 30 s and the samples were placed into a refrigerated microcentrifuge (Allegra ™ 21R centrifuge, Beckman) at 4 °C and were centrifuged at 17,500×g for 10 min. After centrifugation ~900 µL of the supernatant was transferred into a 1 mL syringe, the pellet was discarded, and the supernatant was filtered using a syringe filter (0.45 µm, Acrodisc, Thermo Fisher Scientific) into a 2 mL HPLC vial. For total AsA, 300 µL of the supernatant was transferred into a new vial and was mixed with HPLC is the current method of choice due to its separation capability and accuracy (Doner and Hicks 1981; Zhang et al. 2014) . For example, using HPLC, changes in AsA levels were accurately determined in Arabidopsis Col-0 ecotype rosette leaves when exposed to ozone (Conklin et al. 2000) , elevated atmospheric CO 2 levels (Veljovic-Jovanovic et al. 2001) or water stress (Brossa et al. 2013; Zhu et al. 2014) . Although the levels of AsA in Arabidopsis leaves has been reasonably well characterised following a variety of treatments (such as those described above), there is little information regarding AsA concentration in other organs.
Ascorbic acid synthesis occurs in the leaves, it accumulates in the phloem and is transported to root tips, shoots, and floral organs (Franceschi and Tarlyn 2002; Tedone et al. 2004 ). AsA plays a major role in the plant as an antioxidant, a cofactor for some hydroxylase enzymes (e.g. violaxanthin de-epoxidase) and in the regulation of cell division (Smirnoff 1996 (Smirnoff , 2000 . Other roles have been attributed to AsA including involvement in photosynthesis, hormone biosynthesis and in promotion of plant growth (Gallie 2013; Senn et al. 2016) . The AsA deficient Arabidopsis vtc1 mutant accumulates only 25 % AsA compared to wild type and has significantly reduced root growth, leaf area, total biomass and exhibits earlier flowering and senescence (Barth et al. 2006; Conklin et al. 2000; Munne-Bosch and Alegre 2002; Veljovic-Jovanovic et al. 2001) . It has been observed that changes in AsA content influence plant growth and development by modulating the expression of defense genes and hormonal signaling pathway genes. For example, abscisic acid contents are significantly higher in the Arabidopsis vtc1 mutant than in the wild type (Pastori et al. 2003 ) whereas auxin content is reduced in concentration by 40 % in this mutant compared with Col-0 .
Ascorbate peroxidases (APXs) play a crucial role in the degradation and recycling pathways of AsA, especially under abiotic stress conditions, and facilitate the scavenging of ROS, such as H 2 O 2 and superoxide ions (Miller et al. 2007 ). AsA biosynthesis enzymes in the degradation and recycling pathways are correspondingly involved in IAA and SA synthesis during stress. For instance, under heat stress, dry seeds of the Arabidopsis apx6-1 mutant, which cannot synthesize APX6, showed increased levels of IAA to almost twice that of wild type (Chen et al. 2014) . Salicylic acid (SA) is primarily involved in the plant immune response (An and Mou 2011) and in Arabidopsis vtc1-1 under biotic stress showed an increase in levels compared with the Col-0 wild type (Barth et al. 2004; Mukherjee et al. 2010) . In contrast, SA-deficient transgenic Arabidopsis expressing the salicylate hydroxylase gene, NahG, was tolerant to stress because of a higher ascorbic acid/dehydroascorbate (AsA/DHA) ratio in seedlings (Cao et al. 2009; Zhu et al. 2011 ). Despite these and other studies, the level sample was then subjected to centrifugation at 17,500×g for 5 min at 4 °C using a refrigerated microcentrifuge (Allegra ™ 21R centrifuge, Beckman) after which two phases were formed, with plant debris between the two layers. A pasteur pipette was used to transfer 900 µL of the solvent from the lower phase into a new 2 mL tube and the solvent mixture was concentrated under nitrogen. The samples were redissolved in 500 µL of 20 % methanol and 20 µL of sample solution was injected into the reverse-phase column (Phenomenex C18 Gemini 5 µm, 2.00 × 150 mm) for HPLC analysis (Dobrev et al. 2005; Pan et al. 2010) . The HPLC conditions and setting are described in supplementary Table  2 . Indole acetic acid and salicylic acid stock (50 µg/mL) were prepared and diluted in 20 % methanol, HPLC grade, to make calibration standards (0.3, 0.7, 1.5, 3.1, 6.2, 12.5, 25 µg/mL). For precise and accurate extraction of IAA and SA, an internal standard of 50 µg caffeic acid (CA) was added to 100 mg of a sample before extraction (Lovelock 2013) .
Experimental design
Three independent experiments were conducted using a randomized complete design. Data was analyzed using International Business Machines Statistical Package for the Social Sciences (IBM SPSS statistics 22) and tested using Duncan's Multiple Range Test (DMRT), and 0.05 level of significance.
Results
Morphological characteristics of Arabidopsis
Three stages of plant development were assessed: vegetative, flowering and seed set. At each stage chlorophyll content, leaf area and vegetative biomass was determined (supplementary Figs. 1 and 2 ).
Calibration curve of ascorbic acid
The reliability and accuracy of AsA chromatographic peaks were determined by injecting 20 μL of five samples of each AsA standard (0, 0.06, 0.125, 0.25, 0.5 and 1 mM) into a C18 HPLC column and linearity was assessed. To confirm that the extraction procedure under these conditions was precise, six biological extracts of the same sample of Arabidopsis Col-0 leaves were injected separately after spiking with a known concentration of AsA standards. The peak area of the standard and spiked sample was accrued at the same retention time after overlaying signals using ChemStation software. The regression equation in supplementary Fig. 3 was used to calculate the quantity of AsA, where x 300 µL of 20 mM (0.57 g/100 mL water) of tris (2-carboxy ethyl) phosphine hydrochloride (TCEP). The samples were stored at room temperature for 30 min. 20 µL of sample was injected into the C18 reverse-phase HPLC column (Alltech, Apollo: 5 µm particle size, 4.6 × 250 mm inside diameter × length) for HPLC analysis. The HPLC Agilent 1200 series system (Agilent Technologies, Germany) conditions and settings are described in supplementary Table  1 . Quantitative analysis of AsA was performed on triplicate samples using a commercial software program (ChemStation software, Agilent Technologies). The µmol amounts of AsA in the samples were determined by use of a standard curve equation. DHA was calculated as the difference between total AsA and free AsA, and the data normalized to the mass of fresh plant tissue determined by weighing before extraction.
Calibration and quality control
The linearity of the calibration curve was determined by injecting a range of AsA standards (1.3, 2.7, 5.5, 11.0, 22.0, 44.0, 88.0 µg/mL) prepared from a stock solution of (176.12 µg/mL) in 1 % of MPA. Aliquots of 20 µL were injected into the HPLC column. For spiking, samples of homogenized leaves from the same growth stage were mixed and extracted in known concentrations of AsA (1.3, 2.7, 5.5, 11.0, 22.0, 44.0, 88.0 µg/mL) prepared with 1 % of MPA. The samples were vortexed for 30 s, centrifuged at 17,500×g for 10 min at 4 °C and passed through a 0.45 µm acrodisc filter. 20 µL was injected into the HPLC (TarragoTrani et al. 2012 ).
In addition, 50 µg of the internal standard d-isoascorbic acid (Iso-AsA) (Sigma, Aldrich, MO, USA) was added to each 1.5 mL tube containing the frozen homogenized plant material. The solvent volume was adjusted to the ratio (1:10) 100 mg sample into 1 mL of solvent. The same protocol was then followed as mentioned above.
Indole acetic acid and salicylic acid quantification
Arabidopsis Col-0 (leaves, stem, flowers and siliques) were collected after 55 days from plants grown under optimal growth conditions. Tissues were frozen and then ground with liquid nitrogen into a powder with a mortar and pestle. 100 mg of each sample was transferred to a 2 mL microfuge tube (Axygen, Inc. Union City, CA, USA). Extraction and chromatographic methods were modified from previously published methods (Pan et al. 2010) . One milliliter of the extraction solvent, 2-propanol/H 2 O/concentrated HCl (2:1:0.002), was added to each tube and the tube was shaken in an orbital shaker (200 rpm for 30 min at 4 °C). One milliliter of 100 % of dichloromethane was then added to each sample and the sample shaken again for 30 min at 4 °C. The Accumulation of free, total AsA and DHA in different tissues and developmental stages While the level of total AsA in rosette leaves of Arabidopsis Col-0 has been described previously (Conklin et al. 1996; Smirnoff and Wheeler 2000) , the free, total AsA and DHA at different growth stages and in different organs is yet to be described. To investigate the level to which AsA concentration varied across different organs, tissues were collected for AsA analysis. In general, it was found that free and total AsA increased gradually during growth then declined at senescence. True leaves, young green stems and young green siliques accumulated more AsA than mature tissue, and the highest level of total AsA was found in the flowering buds and young siliques (flowering and seed set stages), and declined in the mature siliques (senescence stage) (Fig. 3) . Therefore, a significant difference was found in the level of free and total AsA in siliques and flowering buds compared with stem and leaves. Cotyledons accumulated the lowest represents the concentration in µmol mL −1 , and y represents the HPLC peak area.
An internal standard, d-isoascorbic acid, was used to precisely calibrate the HPLC column and quantify the exact amount of AsA in each biological sample. When standard AsA and Iso-AsA 1 mmol (1:1) were injected into the HPLC column, sharp peaks after 3.4 and 3.7 min, respectively were found (Fig. 1a) . In addition, the individual injection of AsA and Iso-AsA led to the same respective retention times. Under the same conditions, samples of Arabidopsis Col-0 leaves were extracted and injected into the HPLC resulting in an AsA peak at 3.4 min. When the internal standard was mixed with the sample before extraction one extra peak at 3.7 min resulted (Fig. 1b) .
Determination of AsA in rosette leaves of Arabidopsis
A comprehensive quantification of AsA in Arabidopsis Col-0 plants at the vegetative growth stage was conducted. Plants grown for 30 days produced 5-6 rosette leaves (Fig. 2a) . Extraction of AsA was carried out on each pair of separately collected rosette leaves from ten plants. AsA concentration in leaves was found to vary depending on leaf size and age (Fig. 2b) . Rosette leaf number four and five accumulated significantly higher levels of AsA than the other rosette leaves. Thus, the older (1, 2, 3) and the newest (6) leaves show less AsA. fresh weight, in comparison to 5 µmol/g fresh weight for AsA. AsA levels were highest in the flowering buds, followed by siliques, leaves and stems, respectively (Fig. 5c) . It is noteworthy that the overall AsA quantity was higher in all the organs studied compared with IAA and SA. Total IAA and SA quantity was approximately 0.04 and 0.75 % respectively, of the quantity of AsA found.
Discussion
AsA is an abundant molecule in plants and is essential for photosynthesis, cell division, growth and senescence (Gallie 2013; Ivanov 2014; Pavet et al. 2005; Smirnoff 1996) . Therefore, knowing the precise quantity and spatial distribution of AsA in plants is important for understanding the multitude of roles AsA plays in plant metabolism. It is critical for the quantification of any molecule in plants to know the accuracy of the extraction process. When using HPLC to quantitate the concentration of a molecule it is important to use an internal standard to evaluate the efficiency of sample preparation and retention of the molecule of interest through the various stages of analysis. Spiking of samples is used broadly to determine the accuracy of the extraction method (Klimczak and Gliszczynska-Swigło 2015; Scartezzini et al. 2006 ). In our study, the internal standard, Iso-AsA (erythobic acid/d-araboascorbic acid), differs from AsA only in the relative position of the hydrogen and hydroxyl groups on the fifth carbon atom of the molecule. Iso-AsA is used intensively for the determination of AsA in blood cells and plasma but has been rarely used for determination of AsA in plants (Nováková et al. 2008; Zapata and Dufour 1992) . levels of all the compounds except DHA, which had the lowest level in flowering buds.
Correlation between indole acetic acid, salicylic acid and ascorbic acid levels
To examine the relationship between AsA and IAA and SA levels in different organs, a modification of the method of detection used by Pan et al. (2010) was followed. Figure 4 shows the IAA and SA chromatogram and linear equation used to calculate the quantity of hormone in each sample. IAA and SA were detected after 6.4 and 6.6 min retention times, respectively. The regression value was 0.99 for the standard curves for both IAA and SA. The regression equation for IAA was y = 5.3732x − 1.3998 (Fig. 4a) and y = 3.3125x − 5.6115 for SA (Fig. 4b) . Caffeic acid was used as an internal standard to test the accuracy of the preparation and detection of the hormones. The CA peak occurred after 2.4 min (Fig. 4c) . To confirm the levels of IAA and SA from a sample, the extraction process was commenced by mixing the internal standard CA with the sample as shown in the chromatogram for extracts of Arabidopsis Col-0 flowering buds (Fig. 4d) . Therefore, after confirming the extraction and detection method of IAA and SA, experiments were conducted to detect IAA and SA in the leaves, stem, flowers (open and unopened flowering buds) and siliques of Arabidopsis Col-0 plants at 55 days old.
The highest quantity of IAA was found in the flowers when compared with siliques, stems and leaves (Fig. 5a) . In contrast, the quantity of SA was significantly higher in leaves compared with stems, siliques and flowers (Fig. 5b) . The highest level of SA found in the leaves was 1.4 µmol/g Fig. 3 Free, total AsA, and DHA quantity in different organs and growth phases of Arabidopsis Col-0. Cotyledon leaves were collected 19 days after germination on MS medium. True leaves are a mixture of first, second, third, fourth, fifth, sixth, seventh rosette leaves collected after 40 days. Young stem, open and unopened flowering buds and young siliques were collected after 50 days. Mature stem and mature siliques were collected after 60 days (shattering in 10 % of silique). Dot bar Free AsA, Black bar Total AsA, White bar DHA. Values with different letters indicate significant difference at 0.05 according to the Duncan multiple range test. Each bar color was compared with itself, n = 3 ± SE commercial juices, extracts from leaves, flowers, fruits and seeds) (Chotyakul et al. 2014; Grace et al. 2014; TarragoTrani et al. 2012) , whereas there is little research describing spatial differences in AsA across different organs of a single species such as described here for Arabidopsis thaliana. The route to AsA accumulation in leaves is complex, as AsA is synthesised in plant cell compartments in different concentrations and via different pathways (Wheeler et al. 2015) . For example, it has been shown by autoradiograph analysis that AsA accumulated in the phloem of leaves and was transported to root tips, shoots and floral organs of Arabidopsis (Franceschi and Tarlyn 2002) .
Leaves are the source of energy for other organs such as flowers and fruit (Fester et al. 2013) , and in a similar way, the chloroplast is the main source of AsA synthesis in plant cells (Fernie and Toth 2015; Talla et al. 2011) . Arabidopsis has a Iso-AsA can correct for variations in AsA oxidation rate and overcomes a major problem associated with AsA instability (Eitenmiller et al. 2016; Kutnink et al. 1987; Sauberlich et al. 1996) . AsA is an unstable compound under different conditions and solvents (data not shown) and various studies have previously investigated the stability and degradation of AsA (Munyaka et al. 2010; Nojavan et al. 2008; Spinola et al. 2012 ). Here, we have shown the accuracy and reliability of the method used for extraction of AsA from a plant sample.
HPLC quantification has been widely used to determine AsA from a variety of different plant extracts (e.g. analysed (i.e. SA levels were lowest in flowers while AsA levels were highest in flowers), which agrees with previous work that demonstrated that low levels of AsA in the vtc1 Arabidopsis mutant had elevated SA levels (Barth et al. 2004) . Accordingly, evidence suggests that SA can act as a positive or a negative regulator of cell division depending on the context in which signaling occurs, and it has a crucial role in cell growth regulation and plant development (Rivas-San Vicente and Plasencia 2011; Vanacker et al. 2001) . Furthermore, it has been demonstrated that SA can regulate the production of antioxidants and is therefore influential on accumulated ROS in plant tissue (Hara et al. 2012; Thiruvengadam et al. 2016) . Therefore, our study reveals that under standard growth conditions, a high level of AsA and IAA but low levels of SA are present in the flowering buds, the most active organs of cell division.
In conclusion, the concentration of AsA in leaves is dependent on the age and size and the organs of propagation (flowers and siliques) are the major sites of AsA accumulation. AsA may also play a role in modulating the levels of plant growth regulators. In addition, d-isoascorbic acid is a reliable internal standard for use in determining AsA concentration in plant extracts.
simple leaf, and the size differs according to age and growth stage. The significantly higher level of AsA and total chlorophyll in the fully expanded leaves of Arabidopsis Col-0 correspond with data that showed that in the presence of AsA the highest photosynthetic activity occurred at maximum leaf expansion and that the synthesis of ATP was increased two to three fold (Forti and Elli 1995; Ivanov 2014; Weraduwage et al. 2015) . There is a distinct relationship between leaf area and cell expansion where high ascorbate oxidase activity in the cell wall is correlated with areas of rapid cell expansion (Lisko et al. 2013; Smirnoff and Wheeler 2000) . Additionally, it has been found that AsA is localized in the cell wall (Dhar et al. 1980; Smirnoff 1996) and that the composition and structure of the cell wall changes with rapid cell expansion and growth (Cosgrove 1999) . Thus, to account for the differences in AsA concentration found in new versus mature rosette leaves we propose that the newest rosette leaves did not have sufficient time to accumulate a level of AsA that was comparable with that of fully expanded leaves.
As well as examining the variation in concentration of AsA across leaf age, we also examined the amount of AsA in other organs after different periods of growth. Young organs accumulated higher concentrations of total AsA compared with those that were older and the highest level was found in the flowering buds, that are the most active areas of cell division and expansion. AsA concentration decreased during senescence. Flower bud production is stimulated by the key regulatory hormones, auxin and gibberellin (Thingnaes et al. 2003) . The levels of these two hormones decrease during senescence, and growth inhibitory hormones, such as abscisic acid, increase in mature stems and siliques (Shan et al. 2012) . IAA plays a crucial role in cell division (Wang and Guo 2015) . During flowering, cell division induced by the activity of IAA and GA at the apical meristem promotes increased levels of AsA in flowering buds and young siliques. Inversely, reduced AsA in the mature tissue is correlated with cell senescence and programed cell death, which in turn leads to decreased levels of AsA (Barth et al. 2004 (Barth et al. , 2006 Pavet et al. 2005) . We have shown that the level of AsA found in Arabidopsis tissues such as flowering buds corresponds directly with the level of IAA. In addition, IAA and AsA were both reduced in concentration in differentiated tissues such as leaves and stems. It has been shown that the highest level of IAA is synthesized in young actively dividing cells in the aerial part of the plant (Normanly 2010; Pfluger and Zambryski 2004) . Therefore, we suggest that the activity of cell division during flowering and seed development accelerates the biosynthesis of IAA and at the same time directly or indirectly induces the accumulation of secondary metabolites including AsA. It has also been found that SA regulates plant responses to both abiotic and biotic stresses (Huang et al. 2016; Miura and Tada 2014) . Our results show an inverse relationship between SA and AsA levels across the organs
